Lateral mass screw fixation is the treatment of choice for posterior cervical stabilization. Long or misdirected screws carry a risk of injury to spinal nerve roots or vertebral artery. This study was aimed to assess the gross anatomic and CT measurements of typical cervical vertebrae for the selection of lateral mass screws.
Introduction
Fixation of the cervical spine can be performed by different techniques. Posterior wiring of cervical spine was first described for treatment of cervical spine fractures. 1 In 1970, Camille and coworkers introduced posterior plate screw fixation into the articular pillars in the cervical spine.
2,3 Later Magerl designed a new technique using hook plates for improved stable internal fixation. 4, 5 In contrast, anterior decompression and fusion is performed by combined plate and bone fusion on patients with myelopathy when the pathological source of cord compression is chiefly located anteriorly.
The close proximity of the vertebral artery and the cervical nerve roots to the articular pillars in the cervical vertebrae makes them vulnerable to injury during spine fixation. 7, 8, 9 In a retrospective study of lateral mass plating for posterior cervical spine fusion with bicortical purchase resulted in direct vertebral artery injury in 5.8% of patients and direct nerve root injury in 17.4% of patients. 10 In another study, complications of posterior rod-screw fixation by the Magerl technique included radiculopathy in 4% of patients, loss of alignment in 1% and cerebrospinal fluid leak in 1% with no evidence of spinal cord or vertebral artery injury. 11 In a third study, the posterior screw fixation of the cervical and upper thoracic spine resulted in radiculopathy in 5.1%, facet violation in 1.3%, spinal cord injury in 2.6% of patients with no incidence of vertebral artery injury. 12 In order to improve the rigidity of the posterior fixation and to limit the number of levels that need to be included in a fusion, posterior cervical stabilization with lateral mass screws has been advocated.
The use of lateral mass screws for traumatic injuries of the cervical spine is associated with excellent maintenance of alignment and minimum complications. 13 The choice of lateral mass screw length and screw positioning is highly dependent on the proper determination of the dimensions of the cervical articular pillars. In particular, the antero-posterior diameter of the articular pillar corresponds to the screw length for the Roy-Camille trajectory. 3 The oblique anteroposterior diameter of the articular pillar corresponds to the screw length according to the Magerl trajectory. 4 The literature describing the dimensions of the cervical articular pillars is limited.
This study was designed to quantify the measurements of the articular pillars of cadaveric C3-C6 vertebrae available in the lab. Since CT has been the standard way of knowing the anatomy and dimensions of the lateral masses of the cervical vertebral column, the CT scans of the same set of cervical vertebrae were undertaken and the same measurements were done to determine if these two techniques produce similar results. The width, height, anteroposterior (AP) diameter representing Roy-Camille trajectory 3 and oblique antero-posterior (OAP) diameter corresponding to the Magerl trajectory 4 were measured on the articular pillars of the cervical vertebrae and on the CT scans. The relationship between the gross anatomical and CT measurements would serve as important parameters for the spine surgeons and may help to decrease the rate of complications during the lateral mass screw fixation.
Materials and Methods
The study was conducted on the random sample of eighty-one dry individual typical cervical vertebrae (C3 -C6) available in the Gross Anatomy lab. The age, sex and race of the individuals from whom these vertebrae were derived was not known.
The observations were recorded by the same group of investigators both by Vernier calipers and on CT viewer software and were also monitored regularly.
Measurements were taken on the right and left articular pillars of dry cervical vertebrae ( Figure 1A ) by using digital stainless steel Vernier calipers with 0.01 mm accuracy from VWR (Van Waters and Rogers) Global Laboratory Supply and Distribution Company ( Figure 1B ). The blades of the Vernier calipers were expanded and contracted twice for every measurement and a mean of the two measurements was recorded. The calipers were brought back to zero before taking another measurement.
Helical CT scans of the same set of cervical vertebrae were also analyzed. Imaging was performed on a GE, HD Discovery 750 CT scanner (Milwaukee, Wisconsin) with a slice thickness of 0.625 mm. The measurements were done on multiplanar reformations (MRP) generated on a GE Advantage Workstation v. 
Statistical Methods
The measurements obtained by the Vernier calipers were statistically compared with CT measurements. Unpaired t-tests were used to assess differences between Vernier caliper and CT measurements, while paired t-tests were used to evaluate differences between right and left articular pillars and correlation between the measured dimensions in the same vertebra. In all instances, p-value < 0.05 (two-sided) was considered statistically significant. All analysis were conducted in Stata Version 11 and Microsoft Excel 2010. Table 1 summarizes the various diameters of the articular pillars of the typical cervical vertebrae (C3 -C6) with the help of Vernier calipers and CT software. The mean transverse diameter of the right/left Table 1 ).
Results
The AP diameter is representative of the screw length by Roy-Camille method. With the help of Vernier Calipers, the mean AP diameter of the right/ left articular pillar was 8.7 mm ± 1.5 (range: 4.4 -12.7 mm)/ 8.5 mm ± 1.6 (range: 3.9 -11.7 mm) respectively. The average mean AP diameter of the articular pillars was 8.6 mm ± 1.6 (range: 3.9 -12.7 mm).
On the CT scans, the mean AP measurements of the articular pillars right/left side were 9.1 mm ± 1.2 (range: 6.4 -11.5 mm) and 9.2mm ± 1.2 (range: 7.0 -13.3 mm) respectively. The average AP diameter of the articular pillars varied from 6.4 mm to 13.3 mm There was no statistically significant difference between measurements of the right and left side articular pillars. The box and whisker plot showed outliers with transverse diameter as low as 6 mm and AP diameter as low as 3.9 mm (Figure 3 ).
The mean height of the Right/Left articular pillar with the help of Vernier Calipers was 20.0 mm ± 2.3 (range from 14.2 mm to 25.5 mm) and 20.1 mm ± 2.0 (range from 14.6 mm to 24.5 mm) respectively. The average height of the articular pillar varied from 14.2 mm to 25.5 mm with a mean of 20.1 mm ± 2.1. On CT scans, the mean height of the Right/Left articular pillar was 21.1 mm ± 1.9 (range from 17.1 mm to 25.4 mm) and 20.9 mm ± 1.9 (range from 16.9 mm to 25.6 mm) respectively. The average height of the articular pillar varied from 16.9 mm to 25.6 mm with a mean of 21.0 mm ± 1.9 ( Table 1 ).
The unpaired t-test showed statistically significant difference between the Vernier caliper and CT measurements for the transverse, AP diameters and the height of the articular pillar ( Table 2 , p-value < .001). The CT measurements were 0.5-1.0 mm higher as compared to the measurements by Vernier calipers.
The oblique antero-posterior (OAP) diameter of the articular pillar is representative of the screw length by Magerl method. With the help of Vernier Calipers, the mean OAP diameter of the right/left articular pillar was estimated to be 15.0 mm ± 1.8 (range: 11.9 mm -20.3 mm)/14. Table 2 ).
The CT measurements also showed smaller standard deviations for all the measurements when compared with the measurements by Vernier calipers (Table 2) .
Again, results support previous CT studies, which is the current practice.
Discussion
The anatomical relationship of the vertebral artery and cervical pedicles and the importance of preoperative evaluation of the cervical anatomy have been described in prior publication.
14 Table 2 . Unpaired t-test comparing measurements of Articular pillar diameters made using Vernier calipers and CT measurement software. † Roy-Camille method; ‡ Magerl method.
The articular pillars have been used for many years successfully for placement of lateral mass screws for cervical spine fixation. The lateral mass screws in cervical spine provide superior biomechanical stability over the posterior wiring techniques and can be implemented even when the spinous process and lamina are deficient. [15] [16] [17] [18] [19] [20] This technique reduces the need for halo immobilization and allows earlier neck mobilization. 21, 22, 23 However, lateral mass screws may be associated with injury risk of exiting spinal nerve roots, vertebral artery or caudal facet injury caused by long/misdirected screws. 11, 12, 24, 25, 26 The posterior screw fixation of the cervical and upper thoracic spine in seventyeight patients resulted in radiculopathy in four patients, facet violation in one patient, iatrogenic foraminal stenosis in two patients with no incidence of vertebral artery injury. 12 The Roy-Camille and Magerl are the two most commonly used techniques for the cervical articular pillar fixation (Figure 4) . The literature shows that there was significantly lower error rate in Roy-Camille technique with regard to correct placement and nerve root injury, whereas the Magerl screws fared better with respect to the facet violation. 24, 25 In comprehensive study of 100 patients, screw placement using a technique similar to Magerl resulted in radiculopathy in 4% of cases with no spinal cord or vertebral artery injuries. 11 Some surgeons may prefer bicortical purchase for lateral mass screw fixation, but the literature has There is limited literature available on dimensions of the articular pillars in the cervical spine. 25, 27, 28, 29 Most surgical papers have reported the screw length in Roy-Camille and Magerl techniques by their experience and empiric estimation or measurement from imaging studies. To our knowledge, this is the first paper that directly compares the dimensions of the articular pillars by Vernier calipers and modern volumetric CT imaging software on the same set of dry cervical vertebrae available in the lab.
Transverse diameter
The CT width of the lateral mass in cervical spine has been reported to range from 10.10 to 14.64 mm with a mean of 11.92mm ± 0.96. 27 The literature also shows the comparison between the transverse diameter of the articular pillar in patients with developmental canal stenosis and patients with acquired canal stenosis. 28 The lateral mass width was greater in males when compared to the females (11.1 ± 1.3 mm in male and 10.0 ± 1.0 mm in female) at the level of C3 vertebra and there is a gradual progression in size of the articular pillar in lower cervical vertebrae (12.8 ± 1.2 in male and 11.1 ± 1.4 mm in female) at the level C6 vertebra. The mean transverse diameter varied from 11.7 ± 1.5 mm at the level of C3 to 12.2 ± 1.4 mm at the level of C6 in patients with developmental canal stenosis, whereas in patients with acquired canal stenosis, the transverse diameter varied from 12.3 ± 1.5 mm at C3 to 12.8 ± 1.8 mm at C6 vertebra. 28 No comparisons have been made in the measurements on right /left articular pillars in the above studies. The present work shows variations between the transverse diameters of right and left articular pillars both by Vernier calipers and CT measurements in the vertebrae studied as seen in Table 1 , but no statistically significant differences were found between the right and left side measurements.
It is important to note that as expected, the mean transverse measurements in the present study (10.5 ± 1.5 mm by Vernier calipers/ 11.6 ± 1.4 mm by CT scan) are much smaller than the measurements available for the patients with developmental/acquired canal stenosis.
The average width of the lateral mass in the CT scans has been reported to range from 10.10 to 14.64 mm with a mean of 11.92mm ± 0.96 29 and the CT measurements taken in the present study almost correspond with the observations in the literature.
The box and whisker plot ( Figure 3) shows most of the transverse dimensions of the articular pillars between -1 and +1 SD. It is important to note that the outliers were observed by Vernier calipers with transverse diameter of the articular pillars, as small as 6 mm. The variance in the transverse diameter of the articular pillars is of particular importance because this dimension is used by the surgeon for the appropriate screw thickness for articular pillar fixation using the Roy-Camille technique.
The Antero-Posterior Diameter (Roy-Camille Trajectory) The AP diameter of the articular pillar corresponds to the length of the screw in Roy-Camille technique. Although there is no literature available on the dimensions of the AP diameter of the articular pillar, the mean screw length in lateral mass screw fixation by Roy-Camille method was 11.7 mm ± 1.5 in male and 11.0 mm ± 1.5 in female at C3 vertebra and progressively increased to 12.4 ± 1.5 in male and 11.4 ± 1.4 in female at C6 vertebra. 25 In spite of the variations observed between right and left side AP diameters in the present study, there was no statistically significant difference between the two side measurements. It is important to note that the mean AP diameter (Table 1) is comparatively smaller in the present study (8.6 mm ± 1.6 by Vernier calipers and 9.1 mm ± 1.2 by CT scan software) as compared to the screw length estimated in the literature. Furthermore, the box and whisker plot shows most of AP dimensions of the articular pillars studied to be less than 10 mm both in Caliper and in CT scans and also outliers less than 5 mm (Figure 3) . The smaller AP diameter of the articular pillar estimated in the present study is important while choosing the length of the lateral mass screws by RoyCamille method and furthermore the substantial number of observations and outliers in the lower range should be kept in mind by the surgeon for the selection of screws for the Roy-Camille technique. The transverse, AP diameters and the height of the articular pillars showed statistically significant difference between CT and Vernier caliper measurements (p value < 0.001). The mean height, transverse and AP measurements of the articular pillars by CT scans were 0.5-1.0 mm higher as compared to the measurements by Vernier calipers. This difference may be due to technical errors, as gross measurements with Vernier calipers are done over the bony points of the vertebra and the CT dimensions were performed on oblique reformatted images. Our reported difference of 0.5 -1.0 mm suggests that the screw length chosen for Roy-Camille technique should be 1mm smaller than the AP dimension of the articular pillar estimated in a CT scan, to avoid penetration of the ventral bone cortex during surgery and damage to the vertebral artery and nerve roots. Therefore, preoperative and intraoperative CT and radiographic assessments would be helpful in estimating the length of the screws to be used in these patients by Roy-Camille technique.
The Oblique Antero-posterior Diameter (Magerl Trajectory) The OAP diameter of the articular pillar corresponds to the length of the screw in Magerl technique. 5, 25, 29, 30 The length of the screw has been reported to be 14.0 mm ± 1.7 at C3 vertebra by Magerl technique and progressively increased to 15.6 mm ± 2.1 at C6 vertebra in male, whereas it was 13.2 mm ± 1.7 at C3 vertebra and progressively increased to 14.0 mm ± 2.1 at C6 vertebra in female. 25 The literature showed CT depth of the Magerl screw trajectory on the lateral mass of the cervical vertebral column to vary from 10.36 mm to 15.34 mm with a mean of 12.83 mm ± 1.28. 29 Other investigators reported mean screw path length of 14 mm for the Magerl technique from C3 to C6 vertebrae. 31 The present study did not show statistically significant difference between the CT and caliper measurements while estimating the length of the screw by Magerl method. Although the mean OAP diameter in the present study (14.9 mm ± 1.8 with Vernier calipers and 14.5 mm ± 1.7 with CT scan software) more or less corresponds to the observations made in the literature, the box and whisker plot shows a substantial number of observations less than 14 mm (Figure 3 ), which should be kept in mind by the surgeon to avoid penetration of ventral cortex, while inserting lateral mass screws by Magerl technique. The penetration of the ventral cortex can be detected by the axial CT scans. An intraoperative CT and/or oblique radiographs are important for evaluating the screw placement and encroachment of the intervertebral foramen and should be routinely performed prior to the completion of surgery. 7, 8, 9 An important observation made in the present study was that the CT measurements showed smaller standard deviations for all the measurements when compared with the measurements by Vernier calipers (Table 2) suggesting better reproducibility. This supports the current standard of using CT scans to approximate the dimensions of cervical spine.
Conclusion
This study provides true anatomical and CT based measurements of the C3-C6 vertebral articular pillars to assist surgeons in the proper selection of articular pillar screw for spinal fixation. The mean height, AP and transverse CT dimensions were statistically 0.5 -1.0 mm higher as compared to the gross anatomical measurements by Vernier calipers (p value < .001), whereas the OAP diameter did not show statistically significant difference between the two measurements. This difference may be a due to technical differences between the caliper measurements on the bony points and CT software measurements on oblique reformatted images. The CT measurements showed smaller standard deviations for all the measurements when compared with the measurements by Vernier calipers (Table 2 ). This suggests that the
